CP2K only uses Γ-point sampling of the Brillouin zone instead of the k-point grids used in typical DFT codes, and we have to use sufficiently large supercells to ensure appropriate sampling of the Brillouin zone. The bulk TiO 2 cell that was used is an expanded (5x5x2) Ti 200 O 400 supercell to ensure that lattice vectors were sufficiently converged. The reduced lattice vectors of the supercell (a/5, b/5, c/2) to the bulk unit cell are a = b = 3.796 Å, and c = 9.605 Å which are within 1% of the room temperature measured experimental lattice vectors.
The advantage of our method is that limiting the region of HF exact exchange by truncation greatly reduces the computational cost and allows an investigation to be carried out on much larger systems (500-700 atoms) than previously accessible by hybrid-DFT methods. To further improve the efficiency of these calculations, we used the auxiliary augmented matrix method (ADMM) in CP2K, which approximates the exchange integrals for the HF region by mapping the orbitals onto smaller basis sets. [2] The ADMM basis sets of choice are the so called `FIT3' for Ti and `pFIT3' for O, which provide a accurate description of the electronic structure.
The TiO 2 anatase (103) surface used as a model for electron trapping was generated from the Ti 4 O 8 unit cell using the METADISE code. [3] A symmetric slab is used with a thickness of 20.13 Å to ensure it is sufficiently thick to have bulk-like properties in the middle of the slab, while demonstrating surface properties at the edge. The surface slab is expanded to a (5x1) Ti 160 O 320 having a surface area of 290 Å 2 , and using a vacuum gap of 12 Å.
Electron trapping is modelled on the (103) surface slab by initially moving atoms that are within a 2.2 Å radius of a selected Ti site, 0.2 Å, away from the site, forcing a distortion in the lattice. This initial distortion creates a potential well for localization of an excess electron on a given Ti lattice site. The distorted surface with an excess electron is initially optimised using 25\% HF exact exchange (standard PBE0) to localise the electron and obtain a sensible starting geometry on the potential energy surface. The resultant structure is then optimised with our obtained value of HF exact exchange by Koopmans' approach. The electron trapping energy is calculated in the surface slab by the following equation;
E[trap] = E[sl] -(E[bl] -E[bde] + E[sb])
where E[trap] is the calculated trapping energy, E[sl] is the energy of the fully optimised localised electron at the surface site, E[bl] is the energy of a self-consistent-field (SCF) energy step of the electron localised in anatase bulk TiO 2 , E[bde] is the fully optimised delocalised electron in the anatase bulk TiO 2 and E[sb] is the energy of a SCF energy step of an electron localised in the `bulk-like' region (middle) of the slab. The lattice site as the reference polaron in the 'bulk-like' region of the slab is selected by the ion which most closely resembles the electronic properties of the polaron in the anatase bulk. The trapping energy of an electron at the (103) surface is calculated in this way as the electron will not localise in the bulk region of the slab, so we use the energies of a delocalised electron and localised electron of the anatase bulk as reference points. Two approaches were considered; 1. An electron was added to one side of the slab, and 2. an electron was added to symmetrically equivalent sites on both sides of the slab. We find that there are no spurious errors in either approach with both providing similar global minimum energy structures so we considered approach 1 as detailed in our previous work. [44] The doping of the (103) surface is carried out by replacing a Ti site with a specific dopant. A number of sites around the surface, sub-surface and sub-sub-surface layers are examined to obtain the lowest energy configuration. The non-metal (Sn, Sb) and transition metals (V, Zr, Hf) are used as cation dopants, while anion dopants (S, Se, Te) are also examined. Group I elements (Li, Na, K, Cs) are examined as donating electron species to passivate the electron traps.
